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We report the detection of novel zero-resistance states induced by electromagnetic wave excitation
in ultra high mobility GaAs/AlGaAs heterostructure devices, at low magnetic fields, B, in the large
filling factor limit. Vanishing resistance is observed in the vicinity of B = [4/(4j + 1)]Bf , where
Bf = 2pifm
∗/e, where m∗ is the effective mass, e is the charge, and f is the microwave frequency.
The dependence of the effect is reported as a function of f, the temperature, and the power.
PACS numbers: 73.21.-b,73.40.-c,73.43.-f; Journal-Reference: Physica E (Amsterdam) 22, 1 (2004).
Vanishing electrical resistance in condensed matter has
introduced new physical phenomena such as supercon-
ductivity, which developed from the detection of a zero-
resistance state in a metal.[1] More recently, the discovery
of quantum Hall effects (QHE) stemmed from studies of
zero-resistance states at low temperatures (T ) and high
magnetic fields (B) in the 2-Dimensional Electron Sys-
tem (2DES).[2, 3, 4] Quantum Hall effect and supercon-
ductivity have shown that a complex electronic system
can exhibit instantly-recognizable physical phenomena.
They have also demonstrated that observations of van-
ishing resistance in unusual settings can be a harbinger
of new physics. Here, we report the observation of novel
vanishing resistance states in an unexpected setting -
the ultra high mobility 2DES irradiated by low energy
photons, at low temperatures, in the low magnetic field,
large filling factor limit. We find that GaAs/AlGaAs
heterostructures including a 2DES exhibit vanishing di-
agonal resistance about B = (4/5)Bf and B = (4/9)Bf ,
where Bf = 2pifm
∗/e, m∗ is an effective mass, e is the
electron charge, and f is the radiation frequency. And,
the resistance-minima follow a series B = [4/(4j+1)]Bf
with j=1, 2, 3... Remarkably, in this instance, vanishing
resistance in the 2DES does not produce plateaus in the
Hall resistance, although the diagonal resistance exhibits
activated transport and zero-resistance states, similar to
QHE.[5, 6]
Measurements were performed on Hall bars, square
shaped devices, and Corbino rings, fabricated from
GaAs/AlGaAs heterostructures. After a brief illumina-
tion by a red LED, the best material was typically char-
acterized by an electron density, n(4.2 K) ≈ 3 × 1011
cm−2, and an electron mobility µ(1.5 K) ≈ 1.5 × 107
cm2/Vs. Lock-in based four-terminal electrical measure-
ments were carried out with the sample mounted inside
a waveguide and immersed in pumped liquid He-3 or He-
4. Electromagnetic (EM) waves in the microwave part of
the spectrum, 27 ≤ f ≤ 170 GHz, were generated using
various tunable sources. The power level in the vicinity
of the sample was typically ≤ 1 mW. In this report, we
shall mainly exhibit data which illustrate the character-
istics of the phenomena. Expanded discussions appear
elsewhere.[6, 7, 8, 9]
Fig. 1 (a) shows measurements of the diagonal (Rxx)
and Hall (Rxy) resistances to B = 6 Tesla where, un-
der microwave excitation at 50 GHz, Rxx and Rxy ex-
hibit the usual quantum Hall behavior for B ≥ 0.3
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FIG. 1: (a): The Hall (Rxy) and diagonal (Rxx) resistances in
a GaAs/AlGaAs heterostructure with excitation at 50 GHz.
Quantum Hall effects (QHE) occur at high B as Rxx van-
ishes. Inset: An expanded view of the low-B data. (b): Data
over low magnetic fields obtained both with (w/) and without
(w/o) excitation at 50 GHz. Here, radiation induced vanish-
ing resistance about (4/5)Bf does not induce plateaus in the
Hall resistance, unlike in QHE. Yet, there are perceptible mi-
crowave induced oscillations in the Hall effect.
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FIG. 2: A plot of Rxx versus the normalized inverse mag-
netic field, B−1/δ, demonstrates periodicity of the radiation
induced oscillations . The curves with- and without- radiation
intersect near integral and half-integral values of the abscissa.
Tesla.[2, 3] In contrast, for B < 0.25 Tesla, see in-
set of Fig. 1(a), a radiation induced signal occurs and
the resistance vanishes over a broad B-interval about B
= 0.1 Tesla. Further high-resolution measurements are
shown in Fig. 1 (b). Without EM-excitation, Rxx ex-
hibits Shubnikov-deHaas oscillations for B > 100 mil-
liTesla (Fig. 1 (b)). The application of microwaves in-
duces resistance oscillations,[5, 10, 11] the resistance un-
der radiation falls below the resistance without radia-
tion, over broad B-intervals.[5, 8] Indeed, Rxx appears
to vanish about (4/5)Bf .[6, 7, 9] Although these zero-
resistance-states exhibit a flat bottom as in the quan-
tum Hall regime,[2] Rxy under radiation does not exhibit
plateaus over the same B-interval.
As an example, Fig. 2 shows a normalized B−1 plot
of the response obtained under microwave excitation at
119 GHz. This plot shows that (i) the magnetoresistance
oscillations are periodic in B−1, (ii) the minima form
about B−1min/δ = [4/(4j+1)]
−1 with j = 1, 2, 3... Here, δ
is the oscillatory period in B−1, which is consistent with
B−1f within experimental uncertainty, (iii) the higher or-
der maxima coincide with B−1max/δ = [4/(4j+3)]
−1. Ex-
periment indicates that the resistance maxima generally
obey this rule for integral j, excepting j = 0, where phase
distortion associated with the last peak seems to shift it
from the B−1max/δ = 3/4 to approximately 0.85 (± 0.02)
(see also Fig. 5), and (iv) the data obtained with radia-
tion cross the data obtained without radiation, at integral
and half-integral values of the B−1/δ, when B−1/δ ≥ 2.
At these B−1/δ, the photon energy hf spans, perhaps,
an integral, j, or half integral, j + 1/2, cyclotron ener-
gies. The crossing feature near integral B−1/δ looks to
be in agreement with theory,[12, 13] which suggests that,
when 2pif/ωC = j, the conductivity in the presence of
radiation, σ, equals the conductivity in the absence of ra-
diation, σdark, i.e., σ = σdark.[13] Remarkably, the data
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FIG. 3: The T-dependence of Rxx at 85 GHz under constant-
power radiation. The radiation induced resistance minima
become deeper at lower temperatures. (inset) A ln Rxx vs.
T−1 plot at B = (4/5)Bf , (4/9)Bf , and (4/13)Bf suggests
activated transport. The activation energy T0 ≈ 10 K for the
(4/5)Bf state at 85 GHz.
suggest the same behavior at j + 1/2.
The temperature variation of Rxx at 85 GHz, shown
in Fig. 3, displays both the strong T -dependence of Rxx
and the low-T requirement for the observation of the ra-
diation induced zero-resistance state. The T-variation of
Rxx at the deepest minima suggests activated transport,
i.e., Rxx ∼ exp(−T0/T ),[2, 6] see inset Fig. 3, and, in
temperature units, the activation energy at B = (4/5)
Bf , T0 ≈ 10 K at 85 GHz, exceeds the Landau level
spacing, 3.26 K, and the photon energy, hf = 4.08 K.
Remarkably, T0 is reduced as one moves to higher order
minima at lower B, see inset Fig. 3. Further studies
indicated that T0 varied with the radiation intensity, as
illustrated in Fig. 4.
These power dependent activation results go together
with other measurements, which showed that the ampli-
tude of the radiation induced resistance oscillations in-
creased with the radiation intensity (see Fig. 3a,ref[6]),
up to a (sample-dependent) optimum value of the radi-
ation intensity (see Fig. 5). Concomitantly, the resis-
tance in the vicinity of B = [4/(4j + 1)]Bf decreased
and, about (4/5)Bf and (4/9)Bf , Rxx → 0. Current
dependence measurements also demonstrated insensitiv-
ity to the magnitude of the current and the Hall electric
field.[6, 7]
The effect of tilting the specimen with respect the ap-
plied B, as the microwave radiation is directed along
the B-axis, is illustrated in Fig. 6. Note that the field
scale shown on the abscissa is different, for each panel in
the figure. These results suggest that the radiation in-
duced magnetoresistance, ignoring possible role for spin,
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FIG. 4: The variation of the activation energy, T0, as a func-
tion of the microwave power at 98.5 GHz and (4/5)Bf . (a)
Rxx vs. B at an attenuation factor of -5 dB. (b) The natural
logarithm of Rxx is shown versus the inverse temperature.
is mostly sensitive to the perpendicular component of the
total magnetic field, B⊥ = B cos(θ).
The orientation of the microwave polarization with re-
spect to the current axis could be an important factor in
experiment [14] and, therefore, results examining the role
of this parameter are shown in Fig. 7. Measurements car-
ried out at 39 GHz on a sample mounted inside a WR-28
waveguide (see Fig. 7), with a current applied between
the ends of the L-shaped device, suggest the same period
and phase in the E ‖ I and the E ⊥ I configurations.
Some results of an investigation examining the I-
dependence of the resistance in the Corbino geometry are
exhibited in Fig. 8. This figure shows that the Corbino
resistance is independent of the current, at relatively low
currents, which supplements previously reported results
for the Hall geometry (see Fig. 3(b), ref. [6]).
In this configuration, a maximum in the resistance (or
a minimum in the conductance) occurs about B = (4/5)
Bf and B = (4/9) Bf , in place of the resistance minimum
observed in the Hall configuration (see Fig. 1). This
geometry difference originates from a well-known feature
of transport, that the resistance in the Corbino geometry
RC ≈ σ
−1
xx , while in the Hall geometry, Rxx ≈ σxx/σ
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FIG. 5: Radiation induced resistance oscillations at f =
50 GHz are exhibited for various source intensities, in units
of µW. The inset shows the extrema resistance at (4/5)−1,
(4/7)−1, (4/9)−1, (4/11)−1 vs. the logarithm of the power.
under ωCτ > 1 condition.
Preliminary results of experiments examining possi-
ble transmission and absorption characteristics under mi-
crowave excitation are illustrated in Fig. 9 and Fig. 10.
For the transmission experiments (Fig. 9), a carbon re-
sistor was placed immediately below the sample, and its
resistance was measured simultaneously along with the
specimen characteristics, as radiation was applied from
above (see Fig. 9, inset). The magnetoresistance of the
carbon resistor is shown in Fig. 9(a), while Fig. 9(b)
illustrates Rxx of the 2DES vs. B. Here, -60 dB corre-
sponds to vanishing excitation, while 0 dB corresponds
to the maximum microwave intensity. In this sample, the
optimum radiation induced Rxx response, shown in Fig.
9(b), was observed in the vicinity of -8 dB. That is, the
amplitude of the radiation induced oscillations increased
monotonically with increasing power attenuation factor
up to -8 dB.
A further increase of the radiation intensity (dB → 0)
produced a reduction in the peak height along with an
increase in the resistance at the minima (see Fig. 9(b)).
This behavior suggests a ”breakdown” of the radiation
induced zero-resistance states at high excitation levels,
which is somewhat analogous to the ”breakdown” of the
quantum Hall effect that is observed at high currents.[2]
At the same time, the response of the carbon resistor
placed below the sample (see Fig. 9(a)) suggests struc-
ture at magnetic fields mostly above Bf , which becomes
more pronounced with increased excitation. The fea-
ture correlates with a strong radiation-induced decrease
in Rxx just above 0.3 Tesla. Observed oscillations in Rxx
below Bf (Fig. 9(b)) are imperceptible in the detector
response (see Fig. 9(a)).
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FIG. 6: Tilt-field measurements show that the radiation in-
duced magnetoresistance is sensitive to the perpendicular
component of total applied magnetic field.
The results of a measurement reflecting possible ab-
sorption characteristics of the specimen are illustrated in
Fig. 10. In this experiment, the sample was mounted
inside a waveguide that was susceptible to He-4 thermo-
acoustic oscillations (TAO).[15]
In this setup, the onset of TAO’s under microwave ex-
citation generated mechanical vibrations of the sample
and thereby produced electrical noise in the measure-
ment. However, this behavior was only observed for B <
Bf , which suggested the conjecture that energy absorp-
tion by the sample at B < Bf modified the immediate
sample environment and triggered the TAO’s. That is,
in Fig. 10, the ’noisy’ portion of the data could signify
absorption by the sample below Bf (at 4.2 K).
Radiation induced zero-resistance states have been
confirmed in GaAs/AlGaAs quantum wells by Zudov et
al.,[16], who suggested the effect as evidence of a new
dissipationless effect in 2D electronic transport.
Phillips has suggested the effect to be a manifestation
of sliding charge density waves.[17] Durst and co-workers
have identified radiation induced resistance oscillations
with a driven current, similar to Ryzhii.[12, 18]
Andreev et al.,[19] and Anderson and Brinkman,[20]
suggested a physical instability for the negative resistiv-
ity state, while Andreev et al. proposed a scenario for
-0.2 -0.1 0.0 0.1 0.2
0
2
4
6
8
4/5 B
f
4/5 B
f
 
 
R
x
x
 (
Ω
)
B (T)
0
4
8
12
16
1.3 K
39 GHz
 
 
R
x
x 
( Ω
)
E
E
(a)
(b)
FIG. 7: Measurements carried out on an L-shaped sample
mounted inside a WR-28 waveguide suggest insensitivity to
the E-field polarization.(a) The current is oriented parallel to
the E-field axis. (b) The current is oriented perpendicular to
the E-field axis.
realizing zero-resistance in measurement.[19] A comple-
mentary theory by Shi and Xie,[13] also realized magne-
toresistance oscillations.[6, 7, 8].
The observed zero-resistance states have also been re-
lated to a quantum Gunn effect,[21] while Rivera and
Schulz have pointed out the possibility of gap formation
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FIG. 9: These measurements examine the transmission char-
acteristics of the 2DES under irradiation. Here, a carbon re-
sistor placed below the sample served as the radiation detec-
tor. The detector resistance, RCR, vs. B (top). Rxx vs. B of
the 2DES (bottom). This shows that when the power attenu-
ation factor exceeds -8dB, the oscillation amplitude decreases
signifying ”breakdown”. The detector response suggests non
monotonic transmission above Bf , while strong features do
not occur below Bf in top panel
due to the replication of Landau levels in the presence
of radiation.[22] Although there has been progress in un-
derstanding aspects, see ref. [23, 24], many features in-
cluding the activated temperature dependence, and the
zero-resistance states themselves, could be better under-
stood.
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